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Summary
Neurofibromatosis 2 (NF2) features bilateral vestibular
schwannomas, other benign neural tumors, and cataracts.
Patients in some families develop many tumors at an early
age and have rapid clinical progression, whereas in other
families, patients may not have symptoms until much later
and vestibular schwannomas may be the only tumors. The
NF2 gene has been cloned from chromosome 22q; most
identified germ-line mutations result in a truncated protein
and severe NF2. To look for additional mutations and clini-
cal correlations, we used SSCP analysis to screen DNA from
32 unrelated patients. We identified 20 different mutations
in 21 patients (66%): 10 nonsense mutations, 2 frameshifts,
7 splice site mutations, and 1 large in-frame deletion. Clini-
cal information on 47 patients from the 21 families included
ages at onset and at diagnosis, numbers of meningiomas,
spinal and skin tumors, and presence of cataracts and retinal
abnormalities. We compared clinical findings in patients
with nonsense or frameshift mutations to those with splice-
site mutations. When each patient was considered as an
independent random event, the two groups differed (P
S .05) for nearly every variable. Patients with nonsense or
frameshift mutations were younger at onset and at diagnosis
and had a higher frequency and mean number of tumors,
supporting the correlation between nonsense and frameshift
mutations and severe NF2. When each family was consid-
ered as an independent random event, statistically significant
differences between the two groups were observed only for
mean ages at onset and at diagnosis. A larger data set is
needed to resolve these discrepancies. We observed retinal
hamartomas and/or epiretinal membranes in nine patients
from five families with four different nonsense mutations.
This finding, which may represent a new genotype-pheno-
type correlation, merits further study.
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Introduction

Neurofibromatosis 2 (NF2) is an autosomal dominant
disorder characterized by bilateral vestibular schwanno-
mas, schwannomas of other central and peripheral
nerves, meningiomas, and ependymomas (Martuza and
Eldridge 1988; Evans et al. 1992a; Parry et al. 1994).
In addition, 70% of patients have cataracts of the
posterior capsule of the lens (Parry et al. 1994; Ragge
et al. 1995). Clinical heterogeneity is a recognized fea-
ture of NF2, which has a birth incidence of -1/35,000
(Evans et al. 1992b). At least two clinical subtypes have
been proposed (Eldridge et al. 1991; Evans et al. 1992a;
Parry et al. 1994). Patients with the severe (Wishart)
subtype usually have onset by age 20 years, develop
many CNS tumors in addition to vestibular schwanno-
mas, and exhibit rapid clinical progression that may lead
to death by the 3d or 4th decade (Wishart 1822; Evans
et al. 1992a; Parry et al. 1994). In contrast, patients
with the mild (Gardner) subtype often do not develop
symptoms until the 3d decade and have few tumors
other than vestibular schwannomas and a relatively be-
nign clinical course (Gardner and Frazier 1930; Young
et al. 1970; Evans et al. 1992a; Parry et al. 1994). In
general, the manifestations of NF2 are similar among
members of a family; however, some families with both
mild and severe subtypes have been described (Parry et
al. 1994; Baser et al., in press). Genetic linkage studies
support a single locus on chromosome 22 (Rouleau et
al. 1987) with no evidence of genetic heterogeneity
(Narod et al. 1992), so that the clinical heterogeneity
could result from different mutations within this gene.
However other explanations, including modifying genes,
or gene-gene or gene-environmental interactions, are
also possible.
The NF2 gene was recently isolated from chromo-

some 22q by positional cloning, and its protein product
was identified (Trofatter et al. 1993; Rouleau et al.
1993). The protein's 595 amino acids share sequence
homology with moesin, ezrin, and radixin, members of
the erythrocyte band 4.1 family of proteins, which are
conserved throughout mammalian species and function
in a number of roles, including maintaining membrane
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stability by binding integral membrane proteins to the
spectrin-actin cytoskeleton (Sato et al. 1992). The NF2
gene has several characteristics of a tumor suppressor:
loss of the wild-type allele has been demonstrated in
schwannomas and meningiomas from NF2 patients
(Twist et al. 1994; Sainz et al. 1995) and mutated alleles
have been found in sporadic schwannomas and meningi-
omas, together with loss of heterozygosity for RFLPs on
chromosome 22q (Lekanne Deprez et al. 1994; Merel
et al. 1995b).
Over 40 different germ-line mutations have been re-

ported in unrelated NF2 patients in conjunction with
clinical information (MacCollin et al. 1993; Arai et al.
1994; Bourn et al. 1994a, 1994b; Merel et al. 1995a;
Bijlsma et al. 1995; Sainz et al. 1995; Kluwe et al. 1995;
Evans et al. 1995; Kluwe and Mautner 1996). Most of
these mutations are nonsense and frameshifts predicted
to lead to the synthesis of a truncated protein, and pa-
tients with them usually have severe NF2 (Bourn et al.
1994a, 1994b; Merel et al. 1995a; Sainz et al. 1995).
In contrast, the less frequent splice-site and missense
mutations have occurred in both mildly and severely
affected individuals (MacCollin et al. 1993; Bourn et al.
1994b; Merel et al. 1995a; Bijlsma et al. 1995; Evans
et al. 1995; Kluwe and Mautner 1996) with no firm
correlation being discerned between clinical subtype and
location or type of the mutation.

Studies of syndromes associated with other tumor-
suppressor genes as well as with the RET oncogene have
found correlations between mutations in specific regions
and a diverse array of both neoplastic and non-neoplas-
tic findings (Olschwang et al. 1993; Caspari et al. 1994;
von Heyningen 1994; Chen et al. 1995; Davies et al.
1995). Elucidation of similar genotype-phenotype corre-
lations in NF2 might provide insight into the functional
domains of the protein and be useful in counseling pa-
tients and at-risk family members. Therefore, we used
SSCP analysis to search for germ-line NF2 mutations in
32 unrelated patients who had undergone a systematic
evaluation including imaging and ophthalmologic and
audiological studies. This report describes the 20 germ-
line mutations that were identified in 21 patients and
the clinical findings in these individuals and 26 of their
affected relatives.

Subjects and Methods

Subjects and Clinical Evaluation
The 32 NF2 families enrolled in this study were evalu-

ated under an approved protocol at the NIH (31 fami-
lies) or on a field trip to the Geisinger Clinic (1 family)
between August 1987 and February 1994. Fifteen fami-
lies were referred by physicians or other health care
providers, and 13 were self-referred. Three families were
ascertained through a review of records of patients seen
by one of us (R.E.) prior to August 1987, and one was

ascertained through a report of one large family sus-
pected to have NF2 (Lee and Abbott 1969). After ob-
taining informed consent, evaluation of index cases and
their first-degree relatives included a physical examina-
tion with emphasis on evaluation of skin and neurologic
status, a complete eye examination with slit-lamp evalu-
ation of the lens and fundus, audiometry, auditory
brainstem-evoked responses, and magnetic resonance
imaging (MRI) of the brain before and after administra-
tion of gadolinium. MRI of all or part of the spine was
done on all patients who had ever reported symptoms
and on a subset of asymptomatic patients. Blood was
obtained from patients and first-degree relatives for mo-
lecular studies. The diagnosis ofNF2 was based on crite-
ria established in 1991 (National Institutes of Health
Consensus Conference Statement 1994) with modifica-
tions for sporadic cases (Evans et al. 1992a).
We designated the affected person from each family

whose DNA was used in the mutation analysis as the
subject; the subject was not always a proband. We ex-
amined 64 patients: the subject and one or more affected
relatives from 13 families (n = 45 patients) and the
subject only from 19 families. The clinical findings in
the 32 subjects and their 32 examined relatives are given
in table 1. Details of the ascertainment, clinical assess-
ment, and clinical findings in patients from 26 of these
families have been described elsewhere (Parry et al.
1994). Four of these families and one other included
here (subject G19759) have also been reported sepa-
rately; these citations are in the footnotes of table 1.
Five subjects (FF5863, G17901, FF5734, G17710, and
G17707) have not been described before.

Lymphoblast Lines and DNA and RNA Extraction
For the majority of patients, lymphoblast lines were

established from peripheral blood as described else-
where (Anderson and Gusella 1984). DNA was ex-
tracted directly from peripheral blood leukocytes or cul-
tured lymphoblast lines by well-established methods
(Jacoby et al. 1994). RNA was extracted from cultured
lymphoblasts by using an acid guanidium thiocyanate
isolation protocol. First-strand cDNA was synthesized
from -2 pg of total RNA using reverse transcriptase and
random priming (Superscript II Reverse Transcriptase,
Gibco-BRL).

Mutation Analyses
SSCP analysis was carried out by a standard approach

(MacCollin et al. 1994). In brief, oligonucleotide prim-
ers were designed to amplify the 17 known exons of the
NF2 gene and the adjacent splice junctions. This primer
set amplified 60 bp of the 5' UTR region and 98 bp of
the 3' UTR in addition to the entire coding sequence.
All samples were run in duplicate under differing electro-
phoretic conditions (primarily 6% vs. 8% polyacryl-
amide concentration). When a known positive control
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was available, it was run in parallel for each exon as-

sayed.
Direct sequencing of both strands of PCR-amplified

exons was performed as described elsewhere (Jacoby et
al. 1994). In selected cases, the amplified products were

also cloned in T vector (Novagen), and the DNA ob-
tained from several clones was sequenced using a Se-
quenase Kit (USB). In a single case, a large deletion was
detected by Southern blot analysis as described else-
where (patient GUS5722, Trofatter et al. 1993).

Statistical Analysis
Subjects and affected relatives for whom no NF2 mu-

tation was identified were excluded from the statistical
analysis. The analysis of variance procedure, ANOVA,
was used to test the null hypothesis that the mean ages

for each of the age variables and the mean numbers of
tumors for each tumor type were statistically equivalent
for each type of mutation. These variables included age

at onset of symptoms, hearing loss and diagnosis, and
number of meningiomas, spinal tumors, and skin tu-
mors. The X2 procedure was used to test the null hypoth-
esis of independence between the categorical variables
of clinical findings and type of mutation. The clinical
parameters examined included proportions of patients
with different types of tumors (meningiomas, spinal tu-
mors, and skin tumors), hearing loss, and ocular abnor-
malities. Mixed models were fitted, incorporating a fixed
effect for group (identified on the basis of type of muta-
tion) and random effects for individuals and family. In
the unweighted analysis, each patient was considered as

an independent random event, whereas in the weighted
analysis, each family was treated in this way. Two muta-
tion groups were compared: nonsense and frameshift
mutations versus splice-site mutations. One family had
a large in-frame deletion whose molecular outcome was

predicted to differ from that of either of these types of
mutations, so we excluded it from the entire analysis.

Results

Genotypic Analyses
The coding region of the NF2 gene was scanned in

the 32 unrelated subjects: 20 unique SSCP shifts were

detected in 21 individuals. Alterations occurred in 12 of
17 exons; all samples gave normal patterns for exons 4,
7, 9, 16, and 17. Two unrelated subjects (G17303 and
G17900) gave identical patterns in exon 11. Eleven sub-
jects did not show variation in any exons.

The results of the sequence analysis are given in table
1. We characterized 20 different mutations: 16 were

single nucleotide substitutions (10 nonsense, 4 splice-
acceptor sites, 2 splice-donor sites), 3 were deletions,
and 1 was an insertion. The A-to-T transition at nt

114-1 was predicted to produce the missense mutation
Glu38Val and also to alter the exonic portion of the

splice-donor consensus sequence. Sequence analysis of
cDNA from the mutated allele revealed an insertion of
56 bp between exons 1 and 2. This sequence corre-
sponded to the first 56 bp of intron 1 (accession number
L27131; Jacoby et al. 1994) and included an in-frame
stop codon at 114+31. Two of the deletions were
frameshifts; the third deletion removed nt 1341-1574
of the cDNA, which corresponded to exons 13 and 14
but left the reading frame intact. Finally, a 3-bp insertion
resulted in a splice-donor mutation. One nonsense muta-
tion, a C-to-T transition at nt 1021, was detected in two
unrelated subjects. The mutations in subjects G16209,
G16212, G16221, G16215, G6272, and G5722 have
been reported before (Trofatter et al. 1993; MacCollin
et al. 1994).

Segregation of Alterations within NF2 Families
We confirmed the segregation of variants within NF2

families using SSCP analysis, restriction enzyme digest,
or, in the case of G5722, Southern blotting. Lymphocyte
DNA was available on both parents of seven sporadic
subjects; none of the parents showed the aberrant pat-
terns seen in their affected offspring. We also assayed
lymphocyte DNA from 14 affected relatives of eight
subjects and confirmed that, within each family, the sub-
ject and affected relative(s) carried the same mutant al-
lele. In one of these families, DNA from subject G17690
and his affected brother produced the same SSCP pattern
in exon 2, which was not seen in DNA from either
clinically normal parent. Microsatellite analysis ruled
out nonpaternity, leading to the suspicion that the muta-
tion was present in a subpopulation of germ cells in one
of the parents.

Correlation between Genotype and Phenotype
The clinical findings in patients from families with

identified germ-line mutations are given in table 1. To
determine whether there were statistically significant
clinical differences between patients with the different
types of mutations, we compared the findings in patients
with nonsense or frameshift mutations with those in
patients with splice-site mutations (table 2). As noted in
Subjects and Methods, we excluded the family with the
in-frame deletion from the analysis because this was a
novel mutation. In the unweighted analysis there were
statistically significant differences (P - .05) for every
variable except for proportions of patients with hearing
loss (P = .76), cataracts (P = .12), and epiretinal mem-
branes (P = .06). The patients with nonsense or
frameshift mutations had much younger mean ages at
onset of symptoms (including hearing loss) and at diag-
nosis than did patients with splice-site mutations. The
proportion of patients with each type of tumor was at
least 1.3-fold higher in the group with nonsense or
frameshift mutations than in the group with splice-site
mutations, and the patients with nonsense or frameshift
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Table 2

Analysis of Clinical Findings in NF2 Patients with Nonsense or Frameshift Mutations Versus Splice-Site Mutations

Nonsense or P Value, P Value,
Frameshift Splice-Site All Unweighted Weighted

Feature Mutations Mutations Patientsb Analysisb Analysisc

Families (n) 13 7 20 ND ND
Patients (n) 20 16 36 ND ND
Mean age at onset (years) 11.7 22.4 15.9 .002 .02
Mean age at diagnosis

(years) 20.5 32.9 26.0 .009 .03
Percent with hearing loss 85 81.3 83.3 .76 .64
Mean age at first hearing

loss (years) 20.2 28.4 23.8 .01 .01
Percent with meningiomas

(mean no. of tumors) 85 (4.4) 50.0 (2.1) 69.4 (3.3) .02 (.04) .21 (.34)
Percent with spinal tumors

(mean no. of tumors) 88.9d (9.6) 57.1e (4.2) 75.Of (7.3) .04 (.04) .38 (.14)
Percent with skin tumors

(mean no. of tumors) 90 (8.0) 43.8 (1.8) 69.4 (5.2) .003 (ND) .25 (ND)
Percent with cataracts 80 56.3 69.4 .12 .62
Percent with retinal
harmartomas 30 0 16.7 .02 .27

Percent with epiretinal
membranes 20 0 11.1 .06 .16

Percent with retinal
hamartomas and/or
epiretinal membranes 45 0 25.0 .002 .08

NOTE.-For comparison, the following are the clinical findings in the 11 patients from the family with the in-frame deletion: mean age at
onset = 30.9 years; mean age at diagnosis = 35.8 years; percent with hearing loss = 72.7; mean age at first hearing loss = 35.5 years; percent
with meningiomas = 9.1; mean no. of meningiomas = 0.2; percent with spinal tumors = 33.3; mean no. of spinal tumors = 0.3; percent with
skin tumors = 45.5; mean no. of skin tumors = 1.5; percent with cataracts = 100.0; percent with retinal hamartomas and/or epiretinal
membranes = 0.

a Total no. of patients with nonsense, frameshift, or splice-site mutations.
b In this analysis, each patient was considered to be a random, independent event. ND = analysis not done.
c In this analysis, each family was considered to be a random, independent event; if a family had n examined patients, the clinical findings

in each patient contributed 1/n to the total for the family. ND = analysis not done.
d Total no. of patients on whom information was available = 18.
' Total no. of patients on whom information was available = 14.
f Total no. of patients on whom information was available = 32.

mutations had a higher mean number of each type of
tumor. Retinal hamartomas were documented only
among patients with nonsense or frameshift mutations
(P = .02). When the analysis was repeated with each
family being assumed to represent a random indepen-
dent event, statistically significant differences (P - .05)
were observed only for mean ages at onset, diagnosis,
and hearing loss.
The nine patients with retinal hamartomas, epiretinal

membranes, or both were from a subset of five families
with nonsense mutations (table 1). When we created
a new variable (retinal hamartomas and/or epiretinal
membranes) to reflect the conjoint occurrence of these
findings and used it to compare the data between the
two mutation groups, the difference was statistically sig-
nificant in the unweighted analysis (P = .002) and nearly
so in the weighted analysis (P = .08) (table 2). Retinal

hamartomas were reported in one other family with a
nonsense mutation, in two deceased nieces of subject
G17303. Since we did not detect retinal abnormalities
in either subject G17303 or his sister (table 1), in the
analysis we did not count this family as having retinal
hamartomas.

Clinical Heterogeneity within Families
We examined at least two patients from 10 of these

families (table 1). There were four families in which
either sibs of similar ages had markedly different clinical
findings or a parent had fewer or more-mild findings
than their offspring: subject G17690 had many more
CNS and peripheral tumors than his brother, who was
2 years older; subject G17900 had more CNS tumors
than his father, who was 32 years older; age at onset of
symptoms in the mother of subject G17693 was almost
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30 years older than in her daughter, and she had fewer
spinal tumors; and age at onset of symptoms in subject
G17697 was more than 12 years older than in his two
affected children, and he had fewer intracranial meningi-
omas. The young ages at diagnosis of some relatives of
subjects G17900, G16209, G17695, G17302, G17697,
and G5722 are the result of clinical screening of at-risk
family members.

Subjects with No Identifiable Mutation After SSCP
Analysis
No germ-line mutations were detected in subjects

from 11 families (table 1). None of these patients had
retinal hamartomas or epiretinal membranes. Subject
G16218 had two clinical findings that were not present
in any other patient in this study: he had >40 dermal
schwannomas removed, and at age 21 he developed a

rapidly progressive hypertrophic generalized peripheral
neuropathy that was thought to be a manifestation of
NF2 (Mori et al. 1985; Thomas et al. 1990; Kilpatrick
et al. 1992; Evans et al. 1992a; Parry et al. 1994); it
resulted in respiratory failure which caused his death.

Discussion

In this study we used an arbitrary set of easily catego-
rized or quantified clinical variables to examine disease
status in 47 NF2 patients from 21 families with 20 dif-
ferent germ-line mutations. Our results demonstrated
that patients with nonsense or frameshift mutations had
more manifestations compatible with severe disease than
patients with splice-site mutations: their findings in-
cluded earlier mean ages at onset of symptoms, including
hearing loss, and diagnosis, and a higher frequency and
mean number of meningiomas and spinal and peripheral
tumors. However, when we used the average values of
the clinical parameters for each family in the analysis,
the statistically significant differences between the two
mutation groups were limited to the three age variables.
This suggests that intrafamilial variability in the fre-
quency and number of neural tumors was sufficient to
decrease the strength of the correlation between geno-

type and phenotype. With regard to ocular findings,
there was no association between type of mutation and
frequency of cataracts; however, retinal hamartomas
and epiretinal membranes occurred only in patients
from a few families with nonsense mutations. If the lat-
ter observation is confirmed in additional NF2 families,
it will explain the association between retinal hamarto-
mas and young age at onset of first symptoms (Parry et

al. 1994; Ragge et al. 1995) and an increased frequency
of CNS and peripheral neural tumors (Parry et al. 1994)
and support a common pathogenesis for the two types

of retinal abnormalities (Schachat et al. 1984; Font et

al. 1989).
These results confirm the reported association be-

tween nonsense and frameshift mutations and clinical
findings considered consistent with severe disease
(Bourn et al. 1994b; Merel et al. 1995a). The 10 non-
sense mutations in our patients included three (in codons
57, 111, and 341) that had been identified previously in
up to six unrelated patients (Bourn et al. 1994b; Merel
et al. 1995a; Sainz et al. 1995) and seven reported for
the first time in conjunction with clinical information.
Two additional nonsense mutations, involving codons
262 and 463, have been described in other unrelated
NF2 patients (Merel at al. 1995a; Sainz et al. 1995).
The nonsense mutations in codons 57, 198, 262, 341,
and 466 are C-to-T transitions at the site of a CpG
dinucleotide in an arginine-specifying CGA codon.
These five codons appear to be hotspots for germ-line
and/or somatic NF2 mutations (Bourn et al. 1994b;
Sainz et al. 1995). We also identified two unique
frameshift mutations, which brings to 19 the number of
different frameshifts that have been reported in clinically
described NF2 patients (Bourn et al. 1994b; Merel et
al. 1995a). All 53 NF2 patients from the 45 different
families with these two types of mutations had either
"severe" NF2 (Bourn et al. 1994b) or developed symp-
toms at a young age (usually <25 years) and had at
least one intracranial meningioma and/or spinal tumor.

In our series, six nonsense mutations truncated the
NF2 protein within the first 342 residues, the region
of greatest homology with moesin, ezrin, and radixin
(Trofatter et al. 1993). This includes the N-terminal
domain, thought to bind to proteins in the cell mem-
brane, and a portion of the alpha helical structure that
may attach to components of the cytoskeleton. The
function of the highly charged and hydrophilic C-ter-
minal domain is unknown; this region has less se-
quence homology but is present to some degree in
all related proteins. Our most 3' truncating mutation
introduced a stop at codon 536; it demonstrates con-
clusively that removing the last 59 amino acids from
the C-terminus impairs the protein's function and
leads to significant disease.
We identified seven putative splice-site mutations. The

mutations involving exons 1, 13, and 15 (the latter two
exons have 3n + 1 bases) should lead to an mRNA
containing a premature stop codon and produce a trun-
cated protein. The other four mutations involving exons
5 and 8 (each with 3n bases) are predicted to remove
the respective exon from the resulting mRNA transcript.
We have confirmed the expected molecular outcome
only for the exon 1 mutation. In numerous experiments
with lymphoblast cell lines from patients with the other
six mutations, NF2 gene expression was not sufficiently
robust to confirm the presence of abnormally spliced
transcripts (M. MacCollin, unpublished data). How-
ever, several lines of evidence suggest that all seven mu-
tations are disease-related and not benign polymor-
phisms. First of all, they were the only mutations
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detected in the 17 NF2 exons examined in these seven
subjects. Second, we did not find any of these mutations
when we screened chromosome 22 DNA from >150
normal individuals. Finally, we did not find the muta-
tions identified in G16209 and G16212, who were both
sporadic cases, in either set of unaffected parents; we
did detect the mutations identified in G16209, G17302,
and G17697 in at least one affected relative, and the
mutation in subject G17695 has been reported in one
other presumably unrelated NF2 patient (Merel et al.
1995a).
As a group, the patients with these seven splice-site

mutations presented at a later age and had a lower fre-
quency and mean number of meningiomas and other
neural tumors than the patients with nonsense or
frameshift mutations. Variable amounts of normal splic-
ing may explain the milder phenotypes associated with
these mutations. Our data also suggest that similar types
of splice-site mutations can have different clinical out-
comes. Among patients with the three mutations pre-
dicted to truncate the C-terminus, only two from the
family with the exon 13 mutations had both early ages
at onset of symptoms and multiple meningiomas and
spinal tumors. Among patients with the three mutations
predicted to delete exon 5 from the mRNA, only those
with altered splice-acceptor sites had both early ages at
onset and at least one meningioma. A similar dichotomy
between "severe" splice-acceptor and "mild" splice-do-
nor mutations has been reported for mutations in exon
5 as well as exon 2 (Merel et al. 1995a); it was the
only genotype-phenotype correlation observed among
patients with nine different splice-site mutations. Fi-
nally, none of the patients in the family with the exon
8 splice donor mutation had meningiomas or spinal tu-
mors. The very mild phenotype in this family and in the
family with the in-frame deletion may result from the
residual activity of an NF2 protein that has intact N-
and C-terminal domains.

Previous reports of genotype-phenotype correlations
either did not provide information on eye findings
(Bourn et al. 1994b), or it was limited in scope and not
available on all patients (Merel et al. 1995a). Cataracts,
the most common ocular manifestation of NF2 (Bouzas
et al. 1993; Ragge et al. 1995) were seen in 35 of 46
(76%) of our patients with identified germ-line muta-
tions and in at least one affected person from 18 of the
21 families (table 1). There was no difference in the
frequency of cataracts between patients with nonsense
or frameshift versus splice-site mutations. However,
among patients from the two large families with rela-
tively mild clinical findings, those with the exon 8 splice-
site mutation (subject G17302 and his relatives) had a
lower frequency of cataracts (1 [16.7%] of 6 patients)
than subject G5722 and his relatives with the large in-
frame deletion (10 [100%] of 10) (table 1). The fre-
quency of some cataracts in NF2 increases with age

(Bouzas et al. 1993); however, this difference is not age
related, because the mean age at last eye examination
of the five patients who did not have cataracts (41.6
years) did not differ from the mean age at diagnosis of
cataract in their one relative (39 years) or in the 10
patients with the in-frame deletion (40.7 years). Because
this observation is based on a small number of patients
from two families with novel mutations, the question of
the variable expression of cataracts needs to be exam-
ined in a larger data set.

Retinal hamartomas and epiretinal membranes are
part of a wide array of ocular abnormalities that occur
in NF2 (Cotlier 1977; Landau et al. 1990; Good et al.
1991; Sivalingham et al. 1991; Bouzas et al. 1992; Kaye
et al. 1992; Landau and Yasargil 1993; Ragge et al.
1995). Both retinal lesions are thought to result from
developmental defects that involve glial cells and the
vascular epithelium; consequently, it has been suggested
that they represent different aspects of the same patho-
logical process (Schachat et al. 1984; Font et al. 1989).
Our observations of retinal hamartomas and epiretinal
membranes occurring separately in sibs in one family
and concomitantly in one patient from a second family
(table 1) support a common pathogenesis. The nine pa-
tients with retinal abnormalities were from five families
with nonsense mutations. Retinal hamartomas were also
reported in a sixth family in our study with a nonsense
mutation. Two of these six families had the same non-
sense mutation in codon 341. This mutation was also
present in the only other reported NF2 patient with a
known germ-line mutation and retinal hamartomas
(Sainz et al. 1995). The five nonsense mutations associ-
ated with retinal abnormalities were located throughout
the coding region. That no other patients with nonsense
or frameshift mutations had retinal hamartomas and/or
epiretinal membranes could be a consequence of the
decreased expression of these traits and the small num-
ber of patients in each family. Alternatively, these retinal
abnormalities might occur only in a subset of truncating
mutations, or they might result from other genetic or
nongenetic influences. Dilated slit-lamp examinations
should be part of the routine care of all NF2 patients;
it is hoped that future reports of patients with germ-
line mutations will describe ocular findings so that their
frequency and distribution can be determined.
Our results are based on data that have some limita-

tions. Most likely, the 32 unrelated patients screened for
germ-line mutations do not represent the full range or
relative proportions of NF2 phenotypes. Because our
ascertainment relied primarily on physician referral and
self-referral, our patients tended to be severely affected.
Many were also sporadic cases, which limited our ability
to examine intrafamilial clinical variability. In contrast,
a few large families ascertained for linkage analysis had
mild disease. We identified germ-line mutations in 66%
(21/32) of these families. However, we found mutations
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in only 5 (36%) of 14 families with clinical findings at
the mild end of the spectrum, compared with 16 of 18
families with predominantly severe NF2 (89%). An im-
portant question is the location of the germ-line muta-
tions in the 11 remaining families. These mutations may
be in unscreened regions of the introns and the 3' UTR
and 5' regulatory elements. We may have also missed
large intragenic deletions that removed regions encom-
passed by our PCR primers, as well as deletions that
included the entire gene (Sanson et al. 1993; Watson et
al. 1993). However, our present screen did identify an
in-frame deletion that removed two exons. This muta-
tion was found initially by Southern blot analysis (Tro-
fatter et al. 1993).
Our results have confirmed the association between

nonsense and frameshift mutations and some clinical
manifestations compatible with severe disease and have
demonstrated a possible correlation between specific ret-
inal abnormalities and some nonsense mutations. In ad-
dition, our data and other reports of intrafamilial vari-
ability in the clinical expression of NF2 (Baser et al., in
press) raise questions regarding factors other than the
intrinsic property of individual mutations that might
influence phenotype. Future molecular studies of clini-
cally well-described patients and families may identify
additional genotype-phenotype correlations and provide
new clues to the functional domains of the protein, the
possible tissue-specific action of the NF2 gene, and the
role of other genes or environmental processes in modi-
fying its expression.
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